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A B S T R A C T   

Carbon (C) and nutrient inputs regulate the soil carbon balance by affecting microbial growth and the priming 
effect (PE). However, we still lack a comprehensive understanding of the microbial mechanism of the soil carbon 
balance. To examine the regulatory effect of C or nutrient deficiency on microbial C turnover in forest systems of 
different ages, we collected soil from two Robinia pseudoacacia stands of different ages and conducted an incu-
bation experiment using 13C-labelled glucose combined with nitrogen and/or phosphorus (N and/or P) addition. 
We determined 13C partitioning in CO2 and phospholipid fatty acids (PLFAs). Glucose and nutrient addition 
caused both positive and negative PEs during the 30-day incubation. The PE of the 15-year-old (15Y) stand 
changed from positive (0–15 days) to negative (15–30 days), while the PE of the 45-year-old (45Y) stand ranged 
from negative (0.5 days) to positive (after 1 day). Different microbial mechanisms play diverse roles during 
various decomposition stages. The 45Y stand led to a higher cumulative positive PE than the 15Y stand. For both 
stands, fungi assimilated a greater proportion of 13C-glucose in the glucose plus nitrogen (CN addition) treatment 
than in the glucose addition alone treatment, which alleviated the fungal N requirements and decreased the 
cumulative PE. However, the glucose plus phosphorous treatment (CP addition) had no significant influence on 
the cumulative PE. CN addition favoured high-yielding microbial strategists (Y-strategists) and glucose-derived 
SOC accumulation. This phenomenon was supported by the relatively high microbial carbon use efficiency 
(CUE), which increased the soil net C balance. In contrast, CP addition was conducive to resource-acquisition 
strategists (A-strategists), which increased soil organic carbon mineralization and decreased the soil net C bal-
ance. This was evidenced by higher 13C incorporation into the PLFAs of gram-positive bacteria and the positive 
PE for C and nutrient acquisition under CP addition. Consequently, CN addition decreased the cumulative PE and 
increased 13C-fungi and CUE, which favoured the soil net C gain. Our study highlights the importance of N 
fertilization for soil C sequestration in Robinia pseudoacacia plantations.   

1. Introduction 

Soil is the largest carbon pool in terrestrial ecosystems, and the 
stabilization of soil carbon depends on the balance of the input of plant- 
derived carbon and the loss through soil mineralization (Jackson et al., 
2017; Scharlemann et al., 2014). As an important component of 
terrestrial ecosystems, the carbon stocks of forest ecosystems account for 
70% of the global carbon pool (Chen et al., 2019; Jandl et al., 2007). 
When labile organic matter enters the soil, it affects soil organic matter 
(SOM) decomposition and results in increasing or decreasing soil 
organic carbon (SOC) output, which is called the priming effect (PE) 
(Blagodatskaya and Kuzyakov, 2008; Kuzyakov et al., 2000). Robinia 
pseudoacacia is a main afforestation tree species on the Loess Plateau of 

China, and vegetation restoration has influenced plant productivity, 
community composition and litter biomass (Zhang et al., 2019; Zhong 
et al., 2020); therefore, it may change the input of plant-derived carbon 
into the soil. However, the amount of soil carbon loss caused by plant- 
derived carbon during vegetation restoration is still unclear. Conse-
quently, it is important to understand the regulating mechanisms 
impacting the PE in afforestation areas on the Loess Plateau of China. 

The priming effect is a process involving the interaction of many 
factors and mechanisms (Kuzyakov, 2010). Many factors affect the 
priming effect, such as the soil SOC content, pH, and nutrient addition 
(Mo et al., 2022; Ren et al., 2022; Sun et al., 2019). Nutrient availability 
has been considered the main factor regulating the priming effect among 
these variables (Feng and Zhu, 2021). At present, two mechanisms have 
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been proposed to explain the priming effect, but the particular mecha-
nism is influenced by substrate stoichiometry and microbial demand for 
nutrients (Craine et al., 2007). ‘Microbial stoichiometric decomposition’ 
theory indicates that when substrate stoichiometry matches microbial 
demand, fast-growing microbes (r-strategy) stimulate microbial 
decomposition by increasing microbial activities and then lead to a 
positive priming effect (Zhang et al., 2020; Zhang et al., 2021). ‘Mi-
crobial N mining’ theory suggests that microorganisms use labile carbon 
as energy to decompose SOM for N acquisition (Blagodatskaya and 
Kuzyakov, 2008; Chen et al., 2014). Previous studies have paid more 
attention to the effect of N addition on PE (Li et al., 2018; Liao et al., 
2020; Zhang et al., 2021; Zheng et al., 2022), with a few studies 
investigating the effect of P addition on the priming effect, but this re-
mains an open question. A study reported that P or NP addition had no 
significant influence on the priming effect in subtropical soil (Feng et al., 
2021). Li et al. (2020) showed that P addition significantly increased the 
priming effect on the Tibetan Plateau. Microbial P limitation increased 
with increasing stand age of Robinia pseudoacacia (Zhang et al., 2019; 
Zhong et al., 2020), which indicates that the microbial demand for P 
changes. Hence, we need to focus on the role of P and NP addition in 
mediating the priming effect and explore the related mechanism. 

Carbon and nutrient availability may influence different microbial 
functional groups and mediate the priming effect and soil carbon bal-
ance (Hicks et al., 2019; Zhu et al., 2022). First, carbon substrate 
availability may affect the succession of copiotrophs and oligotrophic 
microorganisms. R-strategists use labile glucose to grow quickly at the 
beginning; when glucose is exhausted, K-strategists have more advan-
tages in using recalcitrant organic matter (Cui et al., 2020; Deng et al., 
2020; Fu et al., 2022). A previous study linked ‘microbial N mining’ 
theory to the k-strategy and ‘stoichiometry decomposition’ theory to the 
r-strategy (Chen et al., 2014). In addition, nutrient availability may 
affect the relative abundance of microbial functional groups (Fontaine 
et al., 2011). Previous studies have demonstrated that nitrogen addition 
affects the relative abundance of fungi (Fanin et al., 2014; Liu et al., 
2013), while P addition influences bacterial growth (Nottingham et al., 
2017). Understanding the role of different microbial groups under N and 
P addition has critical significance for the soil carbon balance. A 
framework of microbial life strategies was developed to predict the in-
teractions of microbial growth with their resources, as these processes 
largely influence the soil carbon cycle and balance (Malik et al., 2019a). 
The absence of resource limitation and stress favours the high-yield 
strategy (Y-strategy), while microorganisms will choose to increase 
resource acquisition at the expense of growth under low-resource 
availability (A-strategy) (Malik et al., 2019a; Malik et al., 2019b; Shao 
et al., 2021). However, the effect of microbial life strategies on the soil 
carbon balance under N and P addition is still unclear. 

Here, we sampled soil from different stand ages of Robinia pseudoa-
cacia during vegetation restoration and conducted a 30-day incubation 
experiment combined with 13C-glucose and nutrient (N and/or P) ad-
ditions. We measured different sources of CO2 and associated soil 
properties, mainly including soil nutrient availability, extracellular 
enzyme activities and 13C-PLFAs. We aimed to (1) study the effect of 
carbon and nutrient input on the temporal dynamics of PE and the 
related mechanism; (2) elucidate the effect of carbon and nutrient 
addition (N and/or P) on the cumulative PE and soil carbon balance and 

explore how soil microbial traits regulate PE and the net soil carbon 
balance; and (3) investigate how stand age affects the cumulative 
priming effect. We hypothesized that (1) the PE intensity decreases with 
incubation duration. It may be that the input of labile carbon in the early 
stages stimulates microbial activity, leading to stronger SOC minerali-
zation. (2) Glucose combined with nutrient addition leads to a lower PE 
when compared with glucose addition alone. Nutrient addition allevi-
ates microbial demand and decreases microbial N mining, which favours 
soil net C gains. (3) Older stands have a higher SOC content and lower 
cumulative PE than younger stands. 

2. Materials and methods 

2.1. Study sites and soil characterization 

Soil was collected from two Robinia pseudoacacia stands (15 years 
and 45 years) in the Huaiping forest in Yongshou County, Shaanxi 
Province, southern Loess Plateau of China (34◦50′N, 108◦5′E). The 
Robinia pseudoacacia plantations were located 1377.6–1379.5 m above 
sea level. The annual temperature is 10.8 ◦C, with a mean minimum 
temperature of − 2.9 ◦C in January and a mean maximum temperature 
of 23.7 ◦C in July (Liu et al., 2020). The annual precipitation is 605 mm; 
this area is characterized by a subhumid climate region. The soil is 
classified as loess (Calcaric Regosol in the WRB soil classification) (Liu 
et al., 2022). The physicochemical characteristics of the soils are given 
in Table 1. Soil samples were collected from the top layer (0–20 cm) in 
August 2020. After removal of the plant residues, roots, and visible 
stones, the soil samples were homogenized and sieved (2 mm). Fresh soil 
was transported to the laboratory on dry ice; one part was stored at 4 ◦C 
for the incubation experiment, and the other part was air-dried to 
analyse the soil physical and chemical properties. 

2.2. Experimental design and laboratory incubation 

Fresh soil samples were weighed (25 g dry weight) into 250 mL 
sealable jars and adjusted to 60% field water capacity by the addition of 
deionized water. Each bottle had a rubber stopper, which was fitted with 
two glass tubes and two-way valves. All samples were preincubated for 
2 weeks at 25 ◦C. A single dose of 13C-labelled glucose was added. The 
glucose consisted of a 1:20 mixture of 13C-labelled glucose (uniformly 
labelled, U-13C6, > 99 atom%, Cambridge Isotope Laboratories, And-
over, MA, USA) and non-labelled glucose. The final solution was diluted 
to a final 13C abundance containing 5.15 atom % 13C (δ 13C value of 
3856‰). 

After preincubation, the following treatments were applied to the 
soil samples: “control with deionized water” for the CK treatment, “13C- 
labelled glucose” for C addition, “13C-labelled glucose plus N” for CN 
addition, “13C-labelled glucose plus P” for CP addition, and “13C-labelled 
glucose plus N and P combined” for CNP addition (“CK”, “C”, “CN”, 
“CP”, and “CNP”, respectively). Carbon substrate was added at the rate 
of 2% average SOC content, according to a similar rate with a range of 
1–2% of the initial soil organic C (Feng et al., 2021; Wu et al., 2020; 
Zhao et al., 2022). The average SOC content of the soil from the two 
stands was 12.06 g C kg− 1 soil, and the carbon addition rate was 0.2411 
mg C g− 1 soil. The rate of nitrogen addition was 0.05 mg N g− 1 soil as 

Table 1 
The basic physicochemical characteristics of the soil from the two stands.  

Soil Location pH Total C 
(g kg− 1) 

Total N 
(g kg− 1) 

Total P 
(g kg− 1) 

Soil moisture (%) δ 13C ‰ 

15 years 
(15Y) 

108◦5′6′′E, 34◦50′39′′N 7.97 ± 0.02 10.15 ± 0.13 1.13 ± 0.02 0.71 ± 0.00 21.99 ± 0.44 –23.69 ± 0.49 

45 years 
(45Y) 

108◦5′9′′E, 34◦50′20′′N 6.68 ± 0.03 13.96 ± 0.37 1.53 ± 0.08 0.54 ± 0.01 29.73 ± 2.15 − 26.26 ± 0.07 

Data presented are the means ± standard deviations (SD). 
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ammonium chloride (NH4Cl), and the phosphorus addition rate was 
0.05 mg P g− 1 soil as potassium dihydrogen phosphate (KH2PO4). The 
amounts of N and P addition were based on two aspects. First, previous 
studies reported that the N addition rate for forest ecosystems on the 
Loess Plateau was 0–12 g N m− 2 y-1, which changed the soil N content 
from a limited state to a saturated state (Jing et al., 2021). Increasing 
studies have shown that microorganisms are limited by nutrients during 
the process of vegetation restoration and that the supply of soil nutrients 
affects microorganism metabolism. Therefore, we chose an adequate 
supply of nutrients (12 g N m− 2 y-1) to avoid nutrient limitation. Mineral 
N was applied at a rate of 0.05 mg N g− 1 soil equivalent to approximately 
12 g N m− 2 y-1 to a depth of 20 cm (bulk density of 1.25 g cm− 3). 
Additionally, we referenced N and P levels selected in PE experiments on 
the Loess Plateau or in forest studies (Cui et al. 2022; Feng et al. 2021). 
The element addition amount, soil nutrient content and soil stoichiom-
etry are shown in the supplementary information (Table S1). Carbon, 
CN, CP, and CNP were applied in the form of a 2 mL solution. Deionized 
water (2 mL) was added to the unamended control soils. All solutions 
were added to the soil surfaces in a drip-by-drop rotation to ensure 
homogeneity. Soil samples were incubated at 25 ◦C for 30 days. A total 
of 120 jars were sealed with rubber plugs, among which 30 jars were 
fixed to collect gas and 90 jars were used to collect soil (2 stand ages × 5 
treatments × 3 soil sampling events × 3 replicates). We added deionized 
water to maintain a 60% field water content for microbial growth in the 
incubation process. 

The mineralization of added glucose and native SOC was quantified 
according to CO2 production. Gas samples were taken from the jars for 
total CO2 and δ 13C analyses at 0.5, 1, 3, 5, 7, 10, 15, 20, and 30 days 
after incubation. To ensure that there was no CO2 in the jar at the 
beginning of the CO2 flux measurement, we removed the jars from the 
incubator prior to gas collection, and then high-purity CO2-free air was 
used to flush the jar headspace for approximately 1 min to standardize 
the initial CO2 concentration (Zhang et al., 2021). Next, the two two- 
way valves were closed to seal the jar. Subsequently, the jar was 
returned to the incubator, and gas was collected at 0 and 2 h. Two CO2 
samples were taken per replicate during each sampling event. One gas 
sample was collected in a 30 mL syringe, which was used to measure the 
total CO2 concentration using a GC-9790II gas chromatograph. Another 
CO2 sample was injected into a 12 mL round-bottom vacuum flask, and 
the gaseous atom% abundance values were determined by isotope ratio 
mass spectrometry. After gas sampling, the jars were exchanged with the 
atmosphere for 0.5 h. Meanwhile, other samples used for soil collection 
were also taken out of the incubator and exchanged with air for 0.5 h. 
Soil samples were destructively collected on days 1, 15, and 30 and used 
to analyse soil available nutrients (SAP, NH4

+-N, DOC), enzyme activities 
(BG, CBH, NAG, AP) and phospholipid fatty acids (PLFAs). 

2.3. Laboratory analyses 

2.3.1. Soil property analyses 
The soil organic carbon was oxidized by potassium dichromate. The 

soil total nitrogen content was measured by the Kjeldahl method. Soil 
total phosphorus was measured by the HClO4-H2SO4 method (Bao, 
2000). Soil pH was measured by a pH meter with a soil to water ratio of 
1:2.5 (w/v). Soil moisture was measured by drying the soil in a 105 ◦C 
oven for 8 h. Dissolved organic carbon (DOC) was extracted with 0.5 M 
K2SO4 and then measured by a TOC analyser (Liauid TOC II, Elementar, 
Germany). Soil available phosphorus (SAP) was extracted with 0.5 M 
NaHCO3 and then measured via an ultraviolet spectrophotometer 
(Hitachi UV2300). Soil ammonium N (NH4

+-N) was extracted from the 
soils with 1 M KCl and analysed by a continuous flow analyser (Auto-
analyzer 3, Bran and Luebbe, Germany). The soil C isotope (δ13C) was 
measured by an isotope ratio mass spectrometer (IR-MS) (MAT 253; 
Thermo Scientific, Waltham, MA, USA). 

2.3.2. Soil extracellular enzyme activities 
The activities of four soil extracellular enzymes were measured, i.e., 

carbon decomposition enzymes (BG: β-1,4-glucosidase; CBH: cellobio-
hydrolase), nitrogen decomposition enzyme (NAG: β-1,4-N-acetyl-glu-
cosaminidase) and phosphorus decomposition enzyme (AP: 
phosphatase). All potential enzyme activities were measured in 96-well 
microplates. Enzyme assays were performed by following the methods 
of DeForest (2009) and Saiya-Cork et al. (2002) with some modifica-
tions. Specifically, one gram of soil was mixed with 50 mL of buffer to 
form a sample suspension. Samples, enzyme substrates, reference stan-
dards and buffer were placed in specific wells in the plate. The standard 
substance for BG, CBH, NAG, and AP was 4-methylumbelliferone, and 
the substrates were 4-MUB-β-D-glucopyranoside, 4-MUB-cellobioside, 
4-MUB-N-acetyl-β-D-glucosaminide, and 4-MUB-phosphate. Their in-
cubation times were 2 h, 4 h, 4 h and 0.5 h, respectively. The reaction 
was stopped by NaOH solution, and the fluorescence was measured with 
excitation at 365 nm and emission at 450 nm (Spectra Max M2, Mo-
lecular Devices, California, USA). The unit of enzyme activity was nmol 
h− 1 g− 1. 

2.3.3. Phospholipid fatty acid (PLFA) extraction and analysis 
On days 1, 15 and 30, the soil microbial PLFAs were extracted, 

fractionated, and purified according to the methods described by Yuan 
et al. (2016). In short, approximately 2 g freeze-dried soil was extracted 
twice using a solution of citrate buffer: chloroform: methanol (0.8:1:2 v/ 
v/v) and then centrifuged for 10 min. Then, phospholipids were sepa-
rated from neutral lipids and glycolipids via a silica acid column 
(Supelco, Bellefonte, PA, USA). After mild alkaline methanolysis, 
phospholipids were methylated to their fatty acid methyl esters 
(FAMEs). A gas chromatograph (N6890; Agilent, Santa Clara, CA, USA) 
equipped with a MIDI Sherlock microbial identification system (Version 
4.5; MIDI, Newark, DE, USA) was used to separate and identify FAMEs. 
The internal standard of methyl nonadecanoate fatty acid (19:0) was 
used to quantify the phospholipid concentrations. A Trace GC Ultra gas 
chromatograph (GC) with a combustion column attached via GC Com-
bustion III to a Delta V Advantage isotope ratio mass spectrometer 
(IRMS; Thermo Finnigan, Germany) was used to analyse the δ 13C of 
each PLFA. The following PLFAs were used as markers for bacteria: 
i15:0, a15:0, i16:0, and i17:0 for gram-positive bacteria (G+) and 
16:1ω7c for gram-negative bacteria (G-); 18:1ω9c and 18:2w6c were 
used as biomarkers for fungi (F), and 10Me16:0 PLFAs were used as 
biomarkers for actinomycetes (A). Nonspecific (universal) PLFAs were 
represented by 16:0 and 18:0. 

2.4. Calculations 

2.4.1. Total CO2 emissions 
The 13C atom-% of enriched sample CO2 was determined using an 

isotope ratio mass spectrometer (MAT 253; Thermo Scientific, Waltham, 
MA, USA) coupled with a gas bench system (Thermo Scientific, Wal-
tham, MA, USA) at the Institute of Subtropical Agriculture, Chinese 
Academy of Science. The emission flux of CO2 was calculated according 
to Eq. (1) and (2). The actual air temperature was used to correct all CO2 
efflux rates (Van Zwieten et al., 2010). 

A =
Δc
Δt

×
M × V

m × MVcorr
(1)  

where A is the CO2-C efflux (mg C kg− 1 soil h− 1); Δc
Δt is the change in the 

CO2 content per unit time (ppm h− 1); M is 12 g mol− 1 of molecular 
weight of carbon; V is the effective volume at the top of the jars (L); m is 
the soil dry weight (g); and MVcorr is the molecular volume (L mol− 1), 
which needs to be corrected based on the following equation (2): 

MVcorr = 22.4 ×
273.15 + T

273.15
(2) 
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where T is the incubation temperature, 22.4 (L) is the molar volume of 
an ideal gas at 1 atm and 273.15 K (Zhang et al., 2021) 

The cumulative CO2 emissions were calculated as follows: 

Z =
∑Ai− 1 + Ai

2
× (ti− 1− ti) × 24 (3)  

where Z represents the cumulative CO2 emissions (mg C kg− 1 soil); 
Ai− 1andAi are the CO2 gas emission fluxes at the i th and (i − 1)th sam-
pling times, respectively; and (ti− 1− ti) is the interval time between the i 
th and (i − 1)th collecting gas (day, 24 h). 

2.4.2. Partitioning of CO2 sources and quantifying PE and net C balance 
We use a two-pool isotope-mixing model to calculate the glucose- 

derived CO2 (CO2glucose) and SOM-derived CO2 (CO2SOM): 

CO2glucose = CO2total ×
atom%13CO2SOM − atom%13CO2total

atom%13CO2SOM − atom%13CO2glucose
(4)  

where CO2glucose is the glucose-derived CO2, CO2total represents the CO2 
from glucose-amended soil; atom%13CO2SOM is the 13C atom-% value of 
the CO2 derived from glucose-unamended soil; atom%13CO2 total is the 13C 
atom-% value of the CO2 derived from glucose-amended soils; and 
atom%13CO2glucose is the 13C atom-% value of the labelled glucose (5.15 
atom%). 

CO2SOM = CO2total − CO2glucose (5) 

CO2SOM is the SOM-derived CO2, and CO2total represents the CO2 
from glucose-amended soil. 

PE(Priming effect) = CO2SOM − CO2CK (6) 

CO2CK refers to the basal respiration (from the control (unamended) 
treatment). 

Relative PE (%) =
amended CO2SOM− derived − unamended CO2CK

unamended CO2CK

× 100

(7) 

where amended CO2SOM-derived and unamended CO2CK are the cu-
mulative CO2 emissions (mg C g− 1 soil) from SOM in the glucose- 
amended soil and from control (unamended) soil, respectively. 

The net soil C balance at the end of incubation was calculated as the 
difference between glucose-derived SOC and the carbon loss due to the 
PE (Wu et al., 2020; Zhu et al., 2022). “Glucose-derived SOC” means the 
glucose-derived C remaining in soil (13C remaining in soil), which can be 
calculated as the difference between the amount of added glucose (13C 
added) and cumulative glucose-derived CO2 (13C lost as CO2) (Fontaine 
et al., 2004; Zhu et al., 2022). 

2.4.3. 13C-PLFA calculation 
Glucose-derived C in individual PLFAs (Pi; μg C g− 1 soil) was 

calculated using the following equation: 

Pi = Ci × (atom%13C − PLFATotal − atom%13C − PLFAck)/(atom%13Cglucose

− atom%13C − CPLFAck)

(8)  

where Ci is the C content (μg C g− 1 soil) of the individual PLFAs. Atom% 
13C-PLFA Total and atom%13C-PLFACK represent the 13C atom-% values of 
each PLFA in soil with or without glucose addition. 13Cglucose is the 13C 
atom-% value of the labelled glucose. 

Total substrate-derived C in the gram-positive bacteria (G+), gram- 
negative bacteria (G-), actinomycete (A), fungal (F) and bacterial (B) 
groups (Pt; ug C g− 1 soil) was quantified according to the following 
equation: 

Pt =
∑

Pi (9) 

The total PLFA content was calculated as the sum of G+, G-, A, F and 
unspecified PLFAs. The microbial carbon efficiency was calculated as 
glucose-derived C incorporated into PLFAs relative to its total con-
sumption (glucose-derived C into PLFAs + glucose-derived C respired) 
(Hicks et al., 2019). In addition, we quantified the turnover rate (% 
day− 1) of PLFAs at each sampling time according to Deng et al. (2020). 

2.4.4. Calculation of microbial C and nutrient limitation 
Microbial C limitation (vector length) and microbial nutrient limi-

tation (vector angle) were calculated based on the ratio of untrans-
formed activities for all data (Li et al., 2022). The vector length 
represents the relative C limitation, and the vector angle quantifies the 
relative P versus N acquisition (Fanin et al., 2016). The vector length is 
calculated as follows: 

Vector length = SQRT
(
x2 + y2) (10) 

The vector angle is expressed as follows: 

Vector angle (
◦
) = DEGREES(ATAN2(x, y) ) (11)  

where x represents [(BG + CBH)]/[BG + CBH + AP] for the relative 
activity of C- versus P-enzymes, and y is [(BG + CBH)]/[BG + CBH +
NAG] for the relative activity of C- versus N-enzymes (Moorhead et al., 
2016). The relative C limitation increased with vector length. A vector 
angle > 45◦ represents relative P limitation, whereas a vector angle <
45◦ indicates relative N limitation. 

2.5. Data analysis 

Three-way ANOVA was used to assess the effects of nutrient addition, 
stand age and incubation time on soil available C:N:P stoichiometry, 
enzyme C:N:P stoichiometry, microbial metabolic limitations, 13C- 
PLFAs, CUE and microbial turnover rate. At the end of the incubation 
(30 days), we used two-way ANOVA to examine the effect of stand age 
and nutrient treatment on total CO2, glucose-derived CO2, soil-derived 
CO2, the priming effect and net C balance. The difference in different 
nutrient additions at each sampling time was evaluated using one-way 
ANOVA. Differences were considered significant at P < 0.05 followed 
by Duncan’s test. All of the above statistical analyses were performed 
with IBM SPSS version 20.0, and the bar graph was generated using 
Origin 2018 (OriginLab Corporation, Northampton, MA, USA). 

Pearson’s test was used to determine correlations among soil avail-
able C:N:P stoichiometry, enzyme C:N:P stoichiometry, microbial 
metabolic limitations, 13C-PLFAs, CUE and soil cumulative PE. Struc-
tural equation modelling (SEM) was conducted using AMOS software 
version 24.0. SEM was used to explore direct and indirect relationships 
among the soil cumulative PE, nutrient addition, soil available C:N:P 
stoichiometry, enzyme C:N:P stoichiometry, 13C-PLFA and 13CO2 efflux. 
Principal component analysis was conducted to create a multivariate 
functional index prior to SEM analysis. The variables DOC/NH4

+-N, 
DOC/SAP and NH4

+-N/SAP were used to create a multivariate functional 
index to represent soil available C:N:P stoichiometry. The variables (BG 
+ CBH):NAG, (BG + CBH):AP, and NAG:AP were used to generate a 
functional index representing enzyme C:N:P stoichiometry. The 13C-G+, 
13C-G-, 13C-fungi and 13C-bacteria were used to generate a functional 
index representing microorganisms. The first component (PC1) 
explained 43–76% of the total variance, and then we introduced it as a 
new variable into the SEM analysis. The model with the best fit was 
derived by using maximum likelihood with the model fit determined 
with the use of the chi-squared test (χ2), p values, goodness-of-fit index 
(GFI), root mean square errors of approximation (RMSEA), and standard 
root mean-square residual (SRMR). The model fit was improved itera-
tively by removing or adding relationships between the observed vari-
ables (nodes) in prior models according to a number of modification 
indices. 
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Fig. 1. Trends of cumulative CO2 efflux (mg CO2-C kg− 1 soil) from total CO2, glucose-derived CO2, SOM-derived CO2, and the priming effect. The first column (a, d, 
and g) represents the 15-year-old stand. The second column (b, e, and h) represents the 45-year-old stand. The bar plot shows the data of all treatments at the end of 
the 30-day incubation. Values are presented as the mean ± standard deviation (SD) (n = 3). C: glucose addition, CN: glucose plus N addition, CP: glucose plus P 
addition, CNP: glucose plus NP addition. Values followed by different lowercase letters indicate significant differences among the nutrient addition treatments within 
a restoration age, and values followed by different uppercase letters indicate significant differences at different restoration ages under the same nutrient treatment. 
Significance levels were set at P < 0.05. 

Fig. 2. The left panel represents the priming effect of glucose and nutrient additions on native soil organic C mineralization over the entire 30-day incubation (a and 
b) and during three sampling periods (c and d). The right panel represents the cumulative priming effect over the entire 30-day incubation (e and f) and cumulative 
priming effect values at the end of 30 days (g and h) among different treatments. Values are presented as the mean ± SD (n = 3). C: glucose addition, CN: glucose plus 
N addition, CP: glucose plus P addition, CNP: glucose plus NP addition. Different capital letters displayed at the top of the bars (c and d) represent significant 
differences between periods. Asterisks (c and d) indicate significant differences between treatments within a period. Different lowercase letters above the bars 
represent significant differences among treatments within a period. Significance levels were set at P < 0.05. 
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3. Results 

3.1. Total CO2, glucose-derived CO2, and soil-derived CO2 emission 
dynamics 

The total cumulative soil CO2 was significantly influenced by stand 
age, nutrient treatment and their interaction (P < 0.01, Table S2). The 
total cumulative soil CO2 emission amounted to 350.51–885.75 mg C 
kg− 1 soil at the end of incubation across all treatment combinations 
(Fig. 1 a-c). Total CO2 emissions were significantly higher in the 15Y 

stand than in the 45Y stand. In terms of nutrient treatment, the appli-
cation of glucose in combination with N (CN) decreased total CO2 efflux 
by 3.92% and 16.01% compared with glucose addition alone in the 15Y 
stand (Fig. 1c, P > 0.05) and 45Y stand (P < 0.05). Moreover, stand age 
and nutrient treatment significantly influenced glucose-derived CO2 and 
soil-derived CO2 emissions. Compared with glucose addition alone, 
additional N and NP application decreased soil-derived CO2 emissions in 
both stands (Fig. 1 g-i). 

Fig. 3. Glucose-derived SOC and net soil C balance under different nutrient plus glucose treatments after 30 days of incubation. Values represent means ± standard 
deviations (n = 3). Lowercase letters indicate significant differences (P < 0.05) among different nutrient treatments. 

Fig. 4. Changes in soil available nutrients and ratios after 1, 15, and 30 days of glucose and nutrient addition. Values represent means ± SDs (n = 3). DOC: dissolved 
organic carbon; NH4

+-N: ammoniacal nitrogen; SAP: soil available phosphorus; DOC/NH4
+-N: DOC to NH4

+-N ratio; DOC/SAP: DOC to SAP ratio; NH4
+-N/SAP: NH4

+-N 
to SAP ratio. Lowercase letters indicate significant differences (P < 0.05) among different nutrient treatments. 
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3.2. Priming effect on SOC mineralization 

Glucose addition with or without nutrient treatment caused both 
positive and negative priming effects on native SOC mineralization over 
the 30-day study period (Fig. 2a-d). Opposing patterns were observed for 
PE in both 15Y and 45Y soils. The PE of the 15-year-old stand (15Y) 
changed from positive (0–15 days) to negative (15–30 days) (Fig. 2a). 
Conversely, after 0.5 days, glucose with or without nutrient treatment 
caused a negative priming effect in the 45-year-old stand (45Y), while 
positive priming was observed after 1 day (except for glucose in com-
bination with N treatment from 15 to 30 days) (Fig. 2b). The PE values of 
days 0–1 were significantly higher than those of days 1–15 and 15–30 
(Fig. 2c-d). Stand age and nutrient treatment had a significantly positive 
effect on the cumulative PE at the end of the incubation (P < 0.05, 
Table S2, Fig. 2e-h). The older stand (45Y) had a higher cumulative PE 
than the younger stand (15Y). Glucose with N or NP addition decreased 
the cumulative PE compared with glucose addition alone (P < 0.05, 
Fig. 2g-h). The relative PE followed a very similar pattern between the 
stands and among the nutrient treatments (Fig. S1, Table S2). 

3.3. Net C balance 

The direction and magnitude of the net soil C balance were influ-
enced by stand age and nutrient treatment (Fig. 3, Table S2). In total, 
0.08–0.19 mg C g− 1 glucose was recovered in SOC (glucose-derived 
SOC) on day 30 after glucose addition in the 15Y stand (Fig. 3a), and this 
quantity counterbalanced SOC loss and led to net C gains (0.02–0.17 mg 
C g− 1 soil) (Fig. 3c). In contrast, lower glucose-derived SOC with a 
higher cumulative priming effect resulted in significant net C losses in 
the 45Y stand (except in the CN treatment, which had a net C gain in the 
45Y stand) (Fig. 2f, h and Fig. 3b, d). Moreover, glucose in combination 
with N treatment resulted in a positive soil C balance regardless of stand 
age, which favoured soil C sequestration (Fig. 3 c-d). 

3.4. Soil nutrient and enzyme activity dynamics 

Stand age, nutrient treatment and incubation duration significantly 
influenced the available soil nutrients (Table S3). Glucose addition (C, 
CN, CP, and CNP) significantly increased soil C availability on days 1 
and 30 compared to the control (Fig. 4a-b). The addition of CN and CNP 
significantly promoted N availability in 45Y (Fig. 4d, Table S3). The 

Fig. 5. Effects of glucose and nutrient additions on soil extracellular enzyme activities (a-f), enzyme stoichiometry (g-l) and microbial metabolic limitation (m-p) 
during three sampling periods. (a)-(b) Carbon decomposition enzymes (including β-1,4-glucosidase (BG) and cellobiohydrolase (CBH)); (c)-(d) β-1,4-N-acetyl-glu-
cosaminidase (NAG); (e)-(f) alkaline phosphatase (AP). (g-h) Enzyme C:N, carbon decomposition enzymes/β-1,4-N-acetyl-glucosaminidase; (i-j) Enzyme C:P, carbon 
decomposition enzymes/alkaline phosphatase; (k-l) Enzyme N:P, β-1,4-N-acetyl-glucosaminidase/alkaline phosphatase at 15Y and 45Y, respectively. Vector length 
represents microbial relative C limitation, while vector angle represents N/P limitation of microbes (where > 45◦ is microbial P limitation and < 45◦ represents 
microbial N limitation). Values represent means ± standard deviations (n = 3). Lowercase letters indicate significant differences (P < 0.05) among the different 
nutrient treatments at the same sampling time. 
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contents of NH4
+-N decreased (Fig. 4c-d), whereas the stoichiometric 

ratios of DOC/NH4
+-N and DOC/SAP increased with incubation duration 

(Table S3). P addition significantly increased soil P availability (Fig. 4 e- 
f), which increased by 1.9–4.0 times under CP addition in 15Y and 
increased it by 1.1–3.3 times in 45Y under CNP addition compared with 
CK. P addition significantly decreased the soil stoichiometries of DOC/ 
SAP and NH4

+-N/SAP (Fig. 4i-l). 
Stand age and nutrient treatment significantly influenced hydrolase 

activities, enzyme stoichiometry and vector length and angle (Table S4). 
Higher hydrolytic enzyme activities were measured in the older stand. 
Glucose addition significantly stimulated the activities of CBH + BG and 
NAG compared with CK at 15Y (Fig. 5a, c), while the CP and CNP 
treatments inhibited AP activity (Fig. 5e). Compared with glucose 
addition alone, the addition of CP and CNP increased the enzyme C:P, 
enzyme N:P and vector length but decreased the vector angle in the 15Y 
stand (Fig. 5i-p, Table. S4). 

3.5. Total PLFAs and incorporation of 13C into PLFAs 

Stand age had a significant effect on soil total PLFAs (Fig. S2, 
Table S5), and nutrient treatment and incubation duration had signifi-
cant effects on the total PLFAs and 13C-bacteria PLFAs (Table S5). The 
incorporation of glucose-derived C into 13C-bacteria PLFAs declined, 
while 13C-actinomycete PLFAs increased with incubation duration 
(Fig. 6a-b, Table S5). The incorporation of glucose-derived C into bac-
terial PLFAs (31–59%) was greater than that of fungal PLFAs (13–32%) 
(Fig. 6c-d). Glucose with P or NP addition significantly increased 
glucose-derived C assimilation by gram-positive bacteria. Fungi 

assimilated a greater proportion of glucose in the CN addition treatment 
than in the glucose addition alone treatment in both stands (Fig. 6c-d). 

Stand age, nutrient treatment and incubation duration had a signif-
icant effect on CUE and the microbial turnover rate (Table S5). The 
microbial CUE was higher in the 15Y stand than in the 45Y stand. The 
CUE decreased with incubation duration. The CN treatment had a 
relatively higher CUE than the C addition alone treatment (Table S5, 
Fig. 7a-b). P addition (CP and CNP treatments) increased bacterial 
turnover and decreased the fungal turnover rate on day 1 (Fig. 7c-d). CN 
addition increased the fungal turnover rate and decreased the bacterial 
turnover rate at 45Y on days 1 and 30 (Fig. 7d, f). The microbial turn-
over rate decreased with incubation time. 

3.6. SEM analysis of the drivers of the priming effect 

Correlation analysis showed that the cumulative PE was positively 
correlated with CO2 emissions and enzyme N:P but was negatively 
correlated with VA, CUE and 13C-PLFAs (Fig. 8). 

SEM revealed the potential drivers of soil cumulative PE based on 
possible contributors of nutrient addition, microbial characteristics, soil 
and enzyme stoichiometry (χ2 = 3.116, df = 4, P = 0.539, RMSEA =
0.000, GFI = 0.986, SRMR = 0.04). The models accounted for 58% of the 
variation in PE (Fig. 9). Nutrient addition had a direct negative influence 
on PE (-0.52). Soil available C:N:P stoichiometry, 13CO2 efflux, and 13C- 
PLFAs had a direct positive influence on PE (0.48, 0.48, 0.23, respec-
tively) (Fig. 9). 
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substrate incorporation into all PLFAs) of C substrate 
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4. Discussion 

4.1. Priming effect in response to incubation times and microbial 
mechanisms 

We observed that the direction of PE could be divided into two 
stages, which showed an opposite variation for the 15Y and 45Y stands. 
From 0 to 15 days, glucose addition induced a positive PE in the 15Y 
stand. Then, the positive PE changed to a negative PE on days 15–30 
(Fig. 2a and c). Most microorganisms are dormant due to limited C 
availability; therefore, labile C inputs accelerate microbial activities and 
SOC mineralization for acquiring N (Xiao et al., 2021; Zhao et al., 2022). 
In our study, the positive PE (0–15 days) after glucose addition may be 
the result of “microbial stoichiometric decomposition” (Chen et al., 
2014; Fang et al., 2018; Feng et al., 2021). This interpretation is sup-
ported by the C and N extracellular enzyme activities (Fig. 5a-c) 
increasing in all glucose addition treatments compared with the CK and 
the positive relationship between glucose-derived 13CO2 and PE (Fig. 8). 
However, from 15 to 30 days, the increased NH4

+-N concentration and 
decreased NAG extracellular enzyme activity demonstrated that the 
microbial allocation of N-acquiring enzymes was reduced (Fig. 4c and 
Fig. 5c), which indicated that microbial N limitation was alleviated. 
Therefore, PE declined in this period by reducing microbial nutrient 
mining (Fang et al., 2018). 

In the early stage of the 45Y stand (0.5 days), the negative PE may be 
attributed to the preferential utilization of labile glucose relative to 
native SOM by soil microorganisms (Bei et al., 2022). C availability 
triggered microbial activity after 1 day, so glucose and nutrient addition 
better matched the microbial demand for carbon and nutrients and then 
promoted organic matter mineralization (“microbial stoichiometric 
decomposition”), which led to a positive priming effect (Zhang et al., 
2021). The NAG activity increased after 15 days (Fig. 5d), which illus-
trated that microorganisms increased N mining, so a positive priming 
effect still occurred (“microbial N mining”) (Zhu et al., 2021). These 
findings are consistent with our first hypothesis. Overall, our study 
provides evidence that different microbial mechanisms can operate at 
different stages and that they can coexist in a system to influence the 
priming effect. 

As the magnitude of the priming effect varied, microbial succession 
also occurred at different stages. Our study showed that the 13C-bacteria 
PLFA (r-strategists) proportion declined while 13C-actinomycete (k- 
strategists) PLFAs increased with incubation duration (Fig. 6c-d), which 
is consistent with the finding of a DNA-SIP study indicating that bacteria 
were rapid responders to labile rice carbon in the early incubation stage, 
while actinobacteria gradually increased in the late incubation stage 
(Kong et al., 2020). R-strategies have advantages in decomposing labile 
carbon. Fungi and actinobacteria are mainly composed of k-strategists 
(Cui et al., 2020). K-strategists adapt to nutrient-deficient environments 
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by generating extracellular enzymes to decompose recalcitrant carbon 
(Bei et al., 2022; Deng et al., 2020; Fontaine et al., 2003). Therefore, 
labile carbon input (high C availability) activates the r-strategy at the 
early stage; accordingly, this phenomenon described in ‘microbial stoi-
chiometric decomposition’ can be ascribed to the contribution of the r- 
strategy (Chen et al., 2014). When labile C is gradually exhausted, mi-
croorganisms need to mine SOM to acquire nutrients for microbial 
growth, and the ‘microbial N mining’ theory is explained by the domi-
nation of the k-strategy (Chen et al., 2014). ‘Preferential substrate uti-
lization’ theory can be used to explain the occurrence of a negative PE in 
the 45Y stand at the beginning of incubation (Blagodatskaya et al., 2007; 
Blagodatskaya and Kuzyakov, 2008; Deng et al., 2020). 

Generally, fungi metabolize recalcitrant C more efficiently (Chen 
et al., 2022). However, we did not observe a significant increase in the 
fungal content in the late incubation stage (Fig. 6), which is inconsistent 
with findings reported by Zhang et al. (2021). The difference could 
possibly be explained by the lower incubation time in our study. Fungi 
have a lower assimilation of 13C-glucose than bacteria (Fig. 6c-d), which 
also agrees with previous studies in which the fungal assimilation of 
glucose-derived 13C was lower than bacterial assimilation (Wang et al., 
2014; Zhang et al., 2021). This could be because fungi have a lower 
turnover rate than bacteria (Fig. 7c-f) (Gunina et al., 2017). 

4.2. Cumulative priming effect in response to glucose and nutrient 
addition 

Glucose input provides available C to stimulate microbial growth. 
Our results showed that 13C-glucose addition resulted in a positive cu-
mulative priming effect in Robinia pseudoacacia soil after 30 days of 
incubation. Similarly, previous studies have demonstrated that labile 
carbon stimulates soil organic matter decomposition, which is attributed 
to the priming effect (Chen et al., 2022; Zhao et al., 2022; Zhou et al., 
2022b). Nitrogen-mineralizing enzyme activities (NAG) increased after 
glucose addition in 15Y at days 1–15 (Fig. 5c), which means a relatively 
large investment in nitrogen acquisition, confirming the ‘microbial N 
mining’ hypothesis. This theory indicates that after the addition of a 
labile carbon source, microorganisms use the energy in labile carbon to 
decompose more recalcitrant C to obtain N (Fontaine et al., 2003). In 
addition, labile C input may trigger the microbial community and pro-
mote fast-growing microbial community proliferation, therefore stimu-
lating organic carbon decomposition (Fanin et al., 2020; Razanamalala 
et al., 2017). 

In our study, the amount of substrate C addition was the same for all 
treatments. Therefore, the difference in the cumulative priming effect in 
different soils was attributed to nutrient addition. Indeed, our results 
showed that the magnitude of the cumulative PE was significantly 
influenced by nutrient addition (Table S2, Fig. 9) but was not completely 
consistent with our second hypothesis. Compared to glucose-derived C 
addition alone, glucose-derived C plus N addition (CN and CNP addi-
tion) significantly decreased soil-derived CO2 emissions and the cumu-
lative PE. Previous studies have indicated that nitrogen addition 
decreases the priming effect (Chen et al., 2018; Chen et al., 2014; Feng 
and Zhu, 2021; Hicks et al., 2019). Our study indicated that fungi 
assimilated a greater proportion of glucose in the CN addition treatment 
(Fig. 6c-d). Increased nitrogen availability may alleviate fungal N re-
quirements (Liu et al., 2013), decrease microbial N mining from SOM 
and inhibit recalcitrant SOM decomposition (Du et al., 2020; Fang et al., 
2018). However, CP addition had no significant influence on the cu-
mulative PE compared to glucose-derived C addition alone. This sug-
gests that the priming effect in these soils may not be determined by 
microbial P demand (Hicks et al., 2019). The absence of an effect of 
phosphorus addition on the priming effect may reflect the many ways for 

Fig. 8. Correlation analysis of the cumulative priming effect with CO2 emis-
sions, available CNP stoichiometry, enzyme CNP stoichiometry and microbial 
metabolic limitation, CUE, and 13C-PLFAs. Blue indicates a positive correlation, 
red indicates a negative correlation, and the colour depth indicates the pearson 
coefficient. * and ** represent P < 0.05 and P < 0.01, respectively. PE, cu-
mulative priming effect; Total CO2, cumulative CO2 release over the 30-day 
incubation; 13CO2, cumulative glucose-derived CO2 release over the 30-day 
incubation; Soil-derived CO2, cumulative soil-derived CO2 release over the 
30-day incubation; DOC/NH4

+-N, soil dissolved organic carbon to ammoniacal 
nitrogen; DOC/SAP, soil dissolved organic carbon to soil available phosphorus 
ratio; NH4

+-N/SAP, soil ammoniacal nitrogen to soil available phosphorus ratio; 
EnzymeCN, ratios of the activities of β-glucosidase (BG) plus β-cellobiohy-
drolase (CHB) to that of chitinase (NAG); EnzymeCP, ratios of the activities of 
β-glucosidase (BG) plus β-cellobiohydrolase (CHB) to that of phosphatase (AP); 
EnzymeNP, activity of NAG to that of AP; VL, vector length (relative C limi-
tation); VA, vector angle (microbial N/P limitation); CUE, C use efficiency; GP, 
GN, F and B represent 13C gram-positive bacteria, 13C gram-negative bacteria, 
13C fungi and 13C bacteria PLFA. 

p
p

P

Fig. 9. Direct and indirect effects of C:N:P stoichiometry and 13CO2 and mi-
crobial activity on priming effects based on structural equation modelling. 
Arrow width indicates the strength of the standardized path coefficient; solid 
and dotted lines indicate positive and negative path coefficients, respectively. 
R2 values represent the proportion of variance of each endogenous variable. 
Nutrient addition: four levels (C, CN, CP and CNP); Enzyme C:N:P, ratios of 
enzyme CN, enzyme CP and enzyme NP. Available C:N:P, ratios of DOC, NH4

+-N 
and SAP. *, **, and *** represent correlations that are significant at P < 0.05, P 
< 0.01 and P < 0.001, respectively. 

Z. Su and Z. Shangguan                                                                                                                                                                                                                       



Geoderma 433 (2023) 116444

11

microbes to acquire P, such as the acquisition of P from biochemical 
hydrolysis and inorganic sources (Hicks et al., 2019; McGill and Cole, 
1981). 

4.3. Cumulative priming effect in response to stand age 

We found that the cumulative PE in the 45Y soil was greater than that 
in the 15Y soil (Fig. 2g-h), which is inconsistent with the finding of a 
recent study indicating that cumulative PE initially increased to a peak 
value and declined thereafter along an afforestation chronosequence 
(Zhou et al., 2022b). The different outcomes in our study may be caused 
by the different stand ages and incomplete restoration chronosequence. 
Many studies have indicated that the SOC content, pH and enzyme ac-
tivities are drivers of cumulative PE (Bastida et al., 2019; Ren et al., 
2021). Previous studies demonstrated that cumulative PE was nega-
tively correlated with the SOC content (Feng et al., 2021; Zhao et al., 
2022). In contrast with our third hypothesis, there was a higher SOC 
content in the 45Y stand, but the cumulative PE was higher in the 45Y 
stand than in the 15Y stand, which suggests that the SOC content in our 
study was not the main regulator of the cumulative PE. In our study, the 
greater cumulative PE in the 45Y stand may be attributed to three pieces 
of evidence. First, the cumulative PE was negatively correlated with the 
pH value (Xiao et al., 2021). It has been reported that initial soil pH can 
regulate the PE by influencing microbial abundance and community 
composition (Aye et al., 2018; Chen et al., 2022). In our study, the total 
microbial PLFAs were higher at 45Y (pH = 6.68) than at 15Y (pH =
7.97) (Fig. S2), and the PE may be enhanced by higher microbial 
biomass and activity in older stands (Aye et al., 2017). Therefore, the 
higher cumulative PE in the 45Y stand may be related to its lower pH 
value. Second, higher NAG activity was observed in the 45Y stand 
(Fig. 5d), which indicated that this stand was N-limited. Previous studies 
have demonstrated that P limitation also increases with increasing stand 
age (Zhang et al., 2019; Zhong et al., 2020). Therefore, 13C-glucose 
addition activated microbes to mineralize SOM to meet their nutrient 
demand, which resulted in a greater cumulative PE. Finally, the greater 
cumulative PE in the 45Y stand may be related to lower microbial car-
bon use efficiency (CUE) (Fig. 7b, Table S5). Many studies have indi-
cated that the cumulative PE is negatively correlated with CUE (Liao 
et al., 2020; Mo et al., 2021a; Mo et al., 2021b). This finding is supported 
by correlation analysis of the cumulative priming effect and microbial 
carbon use efficiency (Fig. 8). 

4.4. Accumulation of glucose-derived C and the soil net C balance 

The soil C balance is regulated by SOC accumulation by increasing 
microbial biomass and SOC mineralization via microbial decomposition 
(Blagodatskaya and Kuzyakov, 2008; Zhu et al., 2022). In our study, the 
highest positive net C balance in the soil was obtained through CN 
addition, suggesting that nitrogen addition was conducive to carbon 
accumulation. Microbial growth could be one possible explanation. The 
total PLFAs were lower under CN addition than in CK at the end of in-
cubation. The lower microbial growth and activity under the CN treat-
ment may not enhance the decomposition of SOM and the generation of 
a PE, which is conducive to soil carbon sequestration. This is in accor-
dance with Huang et al. (2020), who found that nitrogen addition 
stimulated soil C storage by both increasing soil C input and decreasing 
the decomposition of old soil C. Vector length analysis showed that CN 
addition alleviated microbial C limitation compared to CK (Fig. 5m), 
indicating that the absence of resource limitation is expected to favour 
the high-yield strategy (Y-strategy) (Malik et al., 2019a). This was 
supported by a higher CUE and glucose-derived C accumulation under 
CN addition. In contrast, vector analysis showed that CP addition 
increased microbial C limitation and alleviated microbial P limitation 
(Fig. 5m-p). A recent study indicated that decreasing microbial phos-
phorus limitation increases soil carbon release (Cui et al., 2022). As a 
result, CP addition increases 13C-G+ bacterial abundance (Fig. 6a-b), 
drives the microbial community to an A-strategy by accelerating SOC 
decomposition for C or nutrient resource acquisition, and decreases 
glucose-derived SOC accumulation and net C balance (Malik et al., 
2019b; Shao et al., 2021; Zhu et al., 2022). Our study indicated that the 
microbial community can adjust its life strategy to respond to carbon 
and nutrient conditions (Fig. 10). The response of microbial life strate-
gies to N and P addition affects the soil carbon balance. 

Compared with the 45Y soil, the 15Y soil had a positive net C bal-
ance. This is probably because a higher CUE, glucose-derived SOC 
accumulation, lower C and N hydrolase and positive PE were observed 
in the 15Y soil. This means that the increase in glucose-derived SOC 
exceeded the soil SOC loss and led to net SOC accumulation after glucose 
addition. However, due to our short incubation time (30 days), the result 
may be temporary. Glucose-derived compounds have a longer mean 
residence time than glucose molecules themselves and continue to 
stimulate microorganisms to decompose native SOM (Fontaine et al., 
2004; Li et al., 2020; Zhou et al., 2022a). Finally, the added glucose 
might be exhausted, and SOC decomposition continues for a long time 
and leads to net C loss. 

Fig. 10. Changes in the cumulative priming effect and soil 
carbon balance at different stand ages and nutrient additions. 
Higher pH and CUE and lower NAG enzyme activities in 15Y led 
to a lower cumulative priming effect but a higher soil carbon 
balance. Older stand ages (45Y) showed the opposite trend. In 
both 15Y and 45Y, N addition decreased the cumulative PE and 
resulted in soil net carbon gains. Nitrogen addition alleviated 
microbial C limitation and increased the assimilation of 13C- 
glucose by fungi, which shifted the microbial community to the 
Y-strategy. In contrast, P addition exacerbated microbial C 
limitation and increased the assimilation of 13C-glucose by 
gram-positive bacteria, which shifted the microbial community 
to the A-strategy. Increasing SOC mineralization leads to a 
higher cumulative priming effect and lower soil carbon balance. 
CUE: microbial carbon use efficiency; CPE: cumulative priming 
effect.   
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5. Conclusions 

In this study, we explored how carbon and nutrient addition influ-
enced the cumulative priming effect and soil carbon balance of Robinia 
pseudoacacia stands of different ages. The priming effect induced by 
carbon and nutrient addition had an obvious temporal dynamic. ‘Stoi-
chiometry decomposition’ theory dominated the priming effect at the 
early stage, while the ‘microbial N mining’ mechanism explained more 
of the priming effect at the late stage. Both stands had a positive cu-
mulative priming effect at the end of the 30-day incubation, and the 
older stand had a greater cumulative priming effect than the younger 
stand. The cumulative priming effect decreased with N addition, but 
there was no significant influence of P addition. In addition, CN addition 
(alleviation of microbial C limitation) increased the incorporation of 
13C-glucose into fungi and shifted the microbial community to a high- 
yielding strategy (Y strategy), leading to a positive net C balance. CP 
addition (an increase in microbial C limitation) increased the incorpo-
ration of 13C-glucose into gram-positive bacteria, shifted the microbial 
community to a resource acquisition strategy (A-strategy), and then 
decreased the soil C balance. Therefore, the soil microorganism life 
strategy can change in response to carbon and nutrient availability to 
regulate the PE and soil carbon balance. 
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